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Abstract

ZHANG, SHUMIN AND HOWARD K. GERSHENFELD.
Genetic contributions to body weight in mice: relationship
of exploratory behavior to weight. Obes Res. 2003;11:
828-838.

Objective: The A/J and C57BL/6J mouse strains differ
markedly in their exploratory behavior and their weight gain
on ahigh-fat diet. We examined the genetic contributions of
exploratory behavior to body weight and tested for shared,
pleiotropic loci influencing energy homeostasis.

Research Methods and Procedures. Segregating
(AXB6)F2 intercross (n = 514) and (B6AF1XA/J)N2
backcross (N = 223) popul ations were studied, phenotyping
for weight and exploratory behaviors. Relationships among
traits were analyzed by correlations. Weight traits were
dissected with a genome-wide scan.

Results: Modest correlations were found between explor-
atory behaviors and weight, explaining 2% to 14% of the
variance. Quantitative trait loci (QTL) for body weight at 8
weeks (wgt8), 10 weeks (wgt10), and 2-week weight gain
(difference between weeks 8 and 10) on a 6% fat diet were
mapped. Two QTL on chromosome 1 (peaks at 66 cM and
100 cM; Bw8ql) affected wgt8 [likelihood of the odds ratio
(Lod), 3.0 and 4.4] and wgt10 (Lod, 2.2 and 3.4), respec-
tively. In the backcross, a significant QTL on chromosome
4 (peak at 66 cM; Bw8q2) affected wgt 8 (Lod, 3.3) and
wgtl0 (Lod, 3.1). For 2-week weight gain, suggestive QTL
were mapped on chromosomes 4 and 6. The chromosome 6
QTL region overlaps ahuman 7q locus for obesity. A search
for between-strain sequence polymorphisms in the leptin
and NPY genes was unrevealing.

Discussion: In mice, loci influencing exploratory activity
play a modest role in body-weight regulation. Some forms
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of obesity may emerge from loci regulating normal body
weight.

Key words. body weight, locomotor activity, chromo-
somal mapping, quantitativetrait loci (QTL), individual
differences

Introduction

The development and regulation of body weight is a
complex trait with biological, psychological, and environ-
mental influences. From twin studies, the heritability of
obesity and fat distribution has been estimated at 30% to
80% (1-3). Although genetic predisposition is important,
the regulation of body weight centers on the balance be-
tween intake and energy expenditure, which has a strong
environmental component (4,5). Single-mutant and trans-
geni c-knockout rodent model s have defined many important
genes such as leptin, leptin receptor, tubby, and agouti
[reviewed in Refs. (6—8)], but human mutations in these
genes have been uncommon (9,10). The homeostatic regu-
lation of appetite, weight, energy expenditure, and adiposity
occurs at numerous hierarchical levels with genetic hetero-
geneity among individuals. From the perspective of energy
regulation, Ravussin (11,12) has examined the total daily-
energy expenditure of individuals in a fixed environment
and has found considerable variation in spontaneous phys-
ical activity. Low levels of physical activity predict an
increased risk of obesity in children and adults (13). In Pima
Indian children, studies have suggested that plasma leptin
concentrations are significantly correlated (r = 0.26) with
body weight. Leptin has been hypothesized to mediate in-
creased physical activity through activation of the sympa-
thetic nervous system, as well as by decreasing food intake
(14). Similarly, fear-like behavior and “stress’ may contrib-
ute to body-weight regulation through the activation of the
central and peripheral sympathetic nervous systems and the
hypothal amic-pituitary-adrenal axis (15-17). In small mam-
mals and human infants, adrenergic activation of B-recep-
tors innervating brown adipose tissue increases heat dis-
sipation through the mitochondrial uncoupling protein
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UCP-1. Finally, the role of nonexercise-activity thermogen-
esis (“fidgetiness’) as a contributor to individual variation
in body-weight gain has been highlighted from over-feeding
experiments (18).

In rodents, numerous investigators have successfully
mapped many quantitative trait loci (QTL)* for body-weight
regulation, obesity-related traits, and energy balance from
F2 intercrosses and backcrosses (9,19-32), although crosses
derived from the A/J and C57BL/6J (B6) inbred lines have
not been studied. The A/J and B6 strains of mice differ
markedly in anumber of behavioral traits (see Appendix 1),
with the A/J mouse exhibiting significantly inhibited ex-
ploratory behavior. Compared with the B6 strain, the A/J
mouse differs in the following ways: 1) open field (O-F)
behavior involving markedly fewer rearings, less spontane-
ous activity (ambulation), and more defecations; 2) fear-like
behavior involving fewer transitions in the light-dark (L-D)
paradigm (33); and 3) stress-induced hyperthermia para-
digms involving less temperature elevation (34,35). Like-
wise, body-weight regulation, leptin levels, and thermogen-
esis differ markedly for these strains after feeding of a
high-fat diet (36—39). Specifically, the obesity and hyper-
glycemia-prone B6 mice have less diet-induced thermogen-
esis (lower core body temperature elevation), lower levels
of UCP-1 expression in adipose tissue, and lower leptin
levels compared with the obesity resistant A/J strain
(40,41). We hypothesized the existence of pleiotropic loci
(e.g., processing enzymes, transcriptional factors, and/or
post-receptor signaling molecules) that regulate both body
weight and exploratory behavior and that genetically differ
in these strains, acting through the neuro-endocrine system.
Genetic crosses were made to test this hypothesis in an
assumption-free strategy and to answer the following ques-
tions:

1. To what extent do spontaneous activity and fear-like
behaviors contribute to body weight?

2. Do the QTL mapped for body weight and behavior
(activity or fear-like) co-localize?

3. Do the QTL for body weight gain coincide with obesity-
related QTL?

This report describes the genetic dissection of body-weight
traits in intercross and backcross populations.

Research Methods and Procedures

Animals
Male and femae A/J (A), C57BL/6J (B6), B6AF1, and
F2 hybrid mice, reared on NIH31M (Zeigler Bros, Inc.,

! Nonstandard abbreviations: QTL, quantitative trait locus (loci); O-F, open field; L-D,
light-dark; UTSW, University of Texas Southwestern; PCR, polymerase chain reaction;
MGD, Mouse Genome Database; Tdel, total distance ambulated epoch 1; VM15, vertica
movements during the first trial of 15 minutes; Lod, likelihood of the odds ratio; wgt8,
8-week body weight; wgt10, 10-week body weight; AvgCtrT, average center time.

Gardners, PA) (6% of caories from fat) ad libitum, were
obtained from The Jackson Laboratory (Bar Harbor, ME) at
7 to 8 weeks of age. The same cohorts of mice were used
for both behavioral and weight-related QTL mapping.
(BXA)F2 mice (n = 514) were derived from an intercross
of B6AF1 mice and housed at NIH. N2 mice (n = 223) were
produced at University of Texas Southwestern (UTSW)
from a backcross of B6AF1 females and A males. All mice
were housed in SPF facilities with 4 to 5 animals per cage
with food and water ad libitum. The NIH diet was 6% fat
NIH31M. The UTSW diet was Teklad 7002 (6%fat; Harlan
Teklad, Madison, WI). Animals were maintained under a
12-hour:12-hour L-D cycle with lights on at 6:00 am. F2
mice were identified by ear notching at 7 to 8 weeks of age,
followed by 10 days of adaptation before phenotyping. N2
mice were ear notched at 4 weeks of age and tested at 7 to
8 weeks of age. Mice were individualy weighed to the
nearest 0.1g at 8 and 10 weeks of age. Mice were subjected
to sequential testing in behavioral paradigms: exploratory
behavior in an O-F and L-D paradigm. For the backcross
offspring, L-D transition testing was not performed. All
experiments followed the NIH Guide for the Care and Use
of Laboratory Animals and received institutional Animal
Care and Use approval.

DNA Preparation and Genotyping

DNA was prepared and genotyped as described previ-
ously (42). Briefly, individual mouse DNA was genotyped
by polymerase chain reaction (PCR) with MapPair primers
(Research GeneticdInvitrogen, Carlsbad, CA). A panel of
102 approximately equally-spaced CA repeat microsatellite
DNA markers were selected from the integrated Whitehead
Ingtitute Genome Center Web site (http://www-genome.
wi.mit.edu/) and the Mouse Genome Database (MGD)
(http://www.informatics,jax.org/), providing a whole ge-
nome screen at a spacing of ~14 cM.

Exploratory Behavior in an O-F and L-D Transition
The procedures and results of these behaviora studies:
exploratory behavior in an O-F and the L-D transitions have
been previously described in detail (42—44). In the O-F test,
an animal is placed in a novel, brightly lit, open arena.
Traditionally, the O-F test has been considered to be a
mouse model of “temperament” or “emoctionality” [re-
viewed in Refs. (45,46)]. Three behavioral parameters were
measured; namely, the distance traveled (ambulation), ver-
tical movements (rearing), and the tendency to move away
from the central zone (“thigmotaxis’). Thigmotaxis indi-
cates the natural tendency of mice to seek a wall (“wall
hugging”). Therelated variable “ center time” is measured as
the amount of time that a mouse spends away from the wall
during O-F testing. Some investigators have viewed O-F
behavior as a form of “exploratory” behavior, whereas
others have suggested that it reflects escape behavior, a
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central state of arousal, fear, or “a nonspecific excitability
level.” The L-D test is a naturalistic conflict test, where an
animal is initially placed in the bright side of a two-com-
partment box. There is a conflict between the natural drive
to explore vs. the avoidance of bright light. The number of
transitions between the light and dark zones is a measure of
fear-like behavior, and anxiolytics increase the number of
transitions in a dose-dependent fashion (33,47—49). Briefly,
mice were tested for O-F measures during two trials, with an
inter-trial interval of 14 days. Only the initia tests at 8
weeks were utilized, preventing “carry-over” effects. Each
trial consisted of three consecutive 5-minute epochs (el, €2,
€3) (15 minutes) in an animal-activity monitor (Digiscan
RXYZ8; Omnitech Electronics, Inc., Columbus, OH; or
Opto-Varimex-3, Columbus Instruments, Columbus, OH;
730 lux at cage floor). The square field had dimensions of
43 X 43 X 30.5 cm, and the vertical sensors were posi-
tioned 8 cm above the cage floor. The following dependent
measures were assessed: 1) initial total distance (TDel), the
distance traveled or ambulated during the initial 5-minute
epoch, epoch 1; 2) vertica movements (VM15), the sum of
vertical movements (rearings) during the first trial of 15
minutes; and 3) average center time (AvgCtrT), the time
(calculated in seconds) spent by the animal >1 cm from the
cage walls averaged during the second and third 5-minute
epochs [(center time epoch 2 + center time epoch 3)/2].
One day after O-F testing, L-D testing was performed in a
single 10-minute session, and the number of L-D transitions
was the dependent variable.

Satistical Analysis. Weight gain was measured as a sSim-
ple difference score, subtracting the body weight at 8 weeks
(wgt8) from the body weight at 10 weeks (wgt10). Body
weight and weight gain measures were assumed to be nor-
mally distributed and treated as continuous variables. Non-
normally distributed behavioral traits from O-F and L-D
testing were square-root transformed as described previ-
ously (42,43). Overdl, differences in body weight were
compared across sex, strain, and generation by one-way and
two-way ANOVA (Statview 5.1 and SuperAnova, Abacus
Concepts and IMP 3.02; SAS Ingtitute, Cary, NC). Signif-
icant genotype-by-gender interactions were detected by
two-way ANOVA. Significance testing utilized post hoc
tests in one-way ANOVA and planned comparisons of
means for two-way ANOVA. The overall strategy for link-
age involved a three-step approach. First, selected mice
from the high and low 9% phenotypic extremes of the
weight traits distribution were tested by x? tests of inde-
pendence between markers and trait. Then, for linkage
estimation and QTL localization, we utilized genotypic and
phenotypic data from the whol e population with Mapmaker/
QTL (50-52) and Map Manager QTXb14 (53) programs to
estimate the percentage of the phenotypic variance ex-
plained for each QTL, using sex in the background as a
regressor. For interpreting these linkage results, we used the
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published guidelines (54). For the F2 population, the thresh-
olds for suggestive and significant linkage were likelihood
of the odds ratio (Lod) scores of 2.8 and 4.3, respectively.
For the N2 population, the threshold values for suggestive
and significant linkage were Lod scores of 1.9 and 3.3,
respectively. Finaly, the data were modeled by stepwise
linear regression and interval mapping to find the best-
fitting model, incorporating sex effects and joint QTL ef-
fects (55,56). Epistatic interactions were examined by three-
way ANOVA, testing for interactions among mapped loci
with sex as the third factor and by linear regression analysis
and testing for statistical interactions among mapped loci as
described (56,57).

Sequence Comparison and Examination of Candidate
Genes. Leptin sequences from A/J and B6 strains were
determined on both strands using automated DNA se-
guencing using genomic DNA for the 5 promoter (O
to —300, where the transcriptional initiation site is located
a +1), and for the coding determining regions using re-
verse-transcriptase PCR with PCR primers as described
(58-60). The Celera Mouse Ref SNP database (http://www.
celeradiscoverysystem.com) was used to examine each
QTL region for polymorphisms between A/Jand C57BL6/J,
as well as specific candidate genes, reporting only those
single-nucleotide polymorphisms covered at least two or
more times per strain.

Results

The body-weight phenotypic data for the parental lines,
the F1, the F2, and the N2 populations are shown in Table
1. Among the parental, F1, and F2 groups for the dependent
variables of wgt8, wgtl0, and 2-week weight gains, there
were significant sex differences for each population
[F(1,343) = 187, p < 0.0001 at wgt8; F(1,343) = 141, p <
0.0001 at wgt10; F(1,343) = 8.1, p < 0.0048 for 2-week
weight gain]. Similarly, for the N2 cross, sex differences
(M>F; weight gain was greater among males) were highly
significant for all the dependent variables [wgt8: F(1217) =
142, p < 0.0001; wgtl0: F(1,221) = 167, p < 0.0001;
2-week weight gain: F(1,217) = 7.1, p < 0.0080; note: for
2-week weight gain, B6 (M>F) and A/J (F>M)]. Although
the means of the parental strains differed significantly for all
body-mass variables, the magnitude of these differences
(effect sizes) ranged from 0.32 for females at wgt8 to 0.86
for females at 2-week weight gain. For comparison, the
effect sizes of 8.5 and 4.7 were found for differences in
these parental strains for O-F exploratory total distance
(TDel) traveled and L-D transition behavior, respectively.

Tables 2 and 3 show the correlations and relationships
among the dependent variables measured in the segregating
populations. As expected, the wgt8 measures were highly
correlated with wgtl0 (r = 0.73, p < 0.0001). In the F2
generation, 2-week weight gain was moderately correlated
with wgt8 and wgt10. In the backcross, 2-week weight gain
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Table 1. Phenotypic means of the Parental lines, F1, F2, and N2 mice

Weight (grams)

Origin Sex N 8 weeks SD N 10 weeks SD N 2-Week weight gain SD
Ald M 14 25.3 2.7 14 26.9 24 14 1.6 0.6
F 15 19.6 21 15 21.9 2.2 15 23 13
B6 M 15 26.4 1.6 15 28.5 2.4 15 2.1 11
F 15 19.0 1.8 15 20.2 19 15 1.2 1.0
(BXA)F1 M 10 25.7 2.7 10 28.2 3.8 10 25 3.2
F 10 21.3 1.2 10 22.1 1.7 10 0.9 13
F2 M 274 26.8 2.7 149 32.2 3.6 149 45 1.7
F 242 21.2 24 123 24.5 3.2 123 29 18
N2 M 118 20.7 2.3 120 22.5 2.3 118 1.8 13
F 101 17.3 1.9 103 18.6 21 101 14 15

was negatively correlated with wgt8, but positively corre-
lated with wgtl0. The correlations among the different
measures of exploratory behavior (TDel, VM15, and
AvgCtrT) and L-D behavior demonstrate that these mea
sures are related components of exploration and fear-like
behavior. In general, the correlations among spontaneous
exploratory activity, fear-like behavior, and weight revealed
awesak relationship between these behaviora variables and
body mass. The most significant correlations were in the F2
intercross females, in which O-F total distance epoch 1
(TDel) and L-D behavior (L-D) explained 4.4% to 13.7%
of the variance in weight traits. The negative correlations
between behavioral measures and weight traits agree with
the expectation that the more active mice in exploratory
behavior and L-D behavior have the lower weight and
weight gain.

A whole-genome scan was performed on the overall
segregating populations, and the QTL mapping results are

shown in Table 4, along with previously mapped QTL in
these regions. In the F2 cross, QTL mapping reveaed two
loci on chromosome 1, affecting both wgt8 and wgt10. The
one Lod interval of the significant distal chromosome 1
locus (77 to 102 cM; Bw8qgl) encompassed a previously
mapped region with confirmed QTL for exploratory behav-
iora traits (TDel and VM15) (42,61-63). The F2 mice
inheriting the B/B genotype at Bw8gl locus were more
active and weighed less than the A/A QTL. Using the
mapped loci as regressors, thereby partitioning out the vari-
ance attributable to already-mapped loci, no additional QTL
were mapped upon rerunning the mapping analyses. Neither
sex-by-genotype interactions nor epistatic interactions be-
tween loci were detected for these loci.

The backcross mapped a locus on distal chromosome 4,
Bw8q2, affecting wgt8 significantly and wgt1l0 sugges
tively, explaining 4% and 3% of the variance, respectively
(Table 5). Bw8g2 had a significant sex-specific effect. In

Table 2. Pearson’s correlation coefficients among measures in the F2 mice

Variable wgt8 wgt10 2-Week weight gain TDel VM 15 L-D AvgCtrT
wgt8 1.00 0.91 0.34 -0.37 -0.07 -0.16 -0.10
wgt10 0.89 1.00 0.69 -0.37 -0.13 -0.24 -0.09
2-Week weight gain 0.26 0.67 1.00 -0.21 -0.17 -0.27 -0.02
TDel —0.08 -0.13 -0.16 1.00 0.59 0.45 0.36
VM15 -0.11 -0.17 —-0.18 0.51 1.00 0.41 0.18
L-D -0.21 -0.21 —-0.10 0.34 0.46 1.00 0.16
AvgCtrT -0.14 -0.14 -0.07 0.37 0.08 0.09 1.00

Below the diagonal (values of 1.00) males (N = 123); above the diagonal females (N = 143). Boldface values are the relevant and

significant correlations (p < 0.001).
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Table 3. Correlation coefficients among measures in the N2 mice

Variable wgt8 wgt10 2-Week weight gain TDel VM15 AvgCtrT
wgt8 1.00 0.733 -0.27 0.34 -0.01 0.10
wgt10 0.85 1.00 0.46 0.21 -0.02 0.00
2-Week weight gain -0.22 0.33 1.00 -0.15 —-0.02 -0.13
TDel 0.22 0.18 —0.06 1.00 0.25 0.37
VM15 0.09 0.03 -0.11 0.52 1.00 0.03
AvgCtrT 0.26 0.19 -0.11 0.41 0.25 1.00

Below the diagonal (values of 1.00) males (N = 118); above the diagona females (N = 97). Boldface values are the relevant and

significant correlations (p < 0.001).

males, mean weights for the A/B vs. A/A allele were 21.3 g
vs. 19.6 g at wgt8 and 23.0 g vs. 21.7 g at wgt10, respectively.
Females showed no significant differences. The prominent
candidate genes in this region include a serotonin receptor
cluster (Htr6, HtrlD), 3-hydroxy-3-methylglutaryl-coen-
zyme A lyase (Hmgc), and syndecan 3. Suggestive loci on
chromosomes 8, 14, and 17 were mapped. The chromosome
17 locus encompasses the candidate genes Tubby-like pro-
tein 4 (Tulp4) and insulin-like growth factor 2 receptor
(Idfr2). For weight gain, suggestive loci on proximal chro-
mosomes 4 and 6 were mapped. The proxima chromosome
4 weight-gain locus affected only females. The suggestive
chromosome 6 QTL region for weight gain encompasses
several candidate genes, including leptin and NPY. A com-
parison of the A/Jand B6 strains' leptin sequencesin the 5’
promoter region (300 base pairs) and the coding-determin-
ing sequence revealed identical sequences (data not shown).
A Celera database search confirmed the absence of sequence
polymorphisms between strains in these gene regions. Simi-
larly, a search (accessed February 2003) for specific candidate
genes and for genes with polymorphisms in these regions was
unrevealing, with some exceptions. The 5Htr1D locus had a
missense C/T mutation changing the B6 [Va(GTG)22 to
Ala(GCG)22] in the A dtrain (Celera single-nucleotide poly-
morphism identification no. mCV22559909). Putative non-
sense mutations in the A strain were found in the Bwql
region for the 40S ribosomal protein S11 [mCV23151540;
Arg(CGA)233Stop(TGA)] and in the Bw8qg2 region for
the ribosomal protein L18 [mCV23151540; GIn(CAA)-
539Stop(TAA)] plus the loss of an acceptor splice site for
the ribosomal protein 23A (MCV23411689). Severa other
putative nonsense mutations were noted in novel genes.

Discussion
We have examined the relationship between normal body
weight and exploratory behavior in mice in order to test
hypotheses about the role of physical activity and “stress” in
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contributing to energy balance and weight regulation
(15,64). Initially, studies of Pima Indian children found that
total energy expenditure and the level of physical activity
correlated with plasma leptin concentrations, independently
of percentage of body fat (14). The investigators hypothe-
sized that leptin may mediate increased physical activity
through activation of the sympathetic nervous system, as
well as by decreasing food intake. Subsequent studies have
demonstrated spontaneous activity as a risk factor for obe-
sity, and overfeeding studies have suggested that nonexer-
cise-activity thermogenesis plays a critical role in weight
gain (18), explaining inter-individual variation in weight
gain. We examined the association of exploratory behavior
and normal weight gain using crosses between strains dif-
fering in their exploratory behavior. The most important
finding of this study is that exploratory activity explained a
modest 2% to 14% of the variance in weight traits under
these conditions. This result supports the findings of previ-
ous overfeeding experiments in the obesity-prone B6 and
obesity-resistant A/J mice, which found that spontaneous
motor activity did not seem to be amajor factor contributing
to weight gain (37). Similarly, in overweight undergraduate
students, no differences in activity were noted using actom-
eters, but differences have been found in morbidly obese
individuals (65).

Previous work has extensively analyzed the genetics of
obesity and body weight-related traits in rodents and human
studies [reviewed in Refs. (4,7,9,66,67)]. The body weights
shown in Table 1 were similar to those of micein the Mouse
Phenome project fed on a 11% fat diet. In genera, we
confirm the generalization by Cheverud et al. (29) that body
weight results from “many genes with relatively small ef-
fect.” These crosses detected only the largest of these small
effects. The second most important findings are the map-
ping of statistically significant QTL near D1Mit116 (Lod
score, 4.4; 100 cM; Bw8ql) and D4Mit68 (Lod score, 3.3;
66¢cM; Bw8g2) and the confirmation of severa other loci.
The QTL mapped in this study span an interval of roughly
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15 to 20 cM, encompassing 450 to 1000 genes, and overlap
with previously reported QTL as shown in Table 4. The
selection of likely candidate genes is precarious. A Celera
database search for polymorphic genes in these regions
reduced the list of candidate genes. Many of these genes
were novel with unknown function. No obvious gene(s) has
emerged from this search to date (accessed February 2003;
data not shown). The locus on distal chromosome 1 for
body-weight regulation overlaps previously mapped O-F
activity loci (42-44,61,63,68). Although interesting, the
coincidence of localization should not be over-interpreted.
The possibility of multiple QTL in this peak is quite likely
for the O-F traits. However, the intriguing possibility of
pleiotropic regulatory molecules such as regulator of G-
signaling proteins in the chromosome 1 region remains for
further study. Fine mapping will clarify this issue, and
positional cloning of these loci will ultimately demonstrate
whether a pleiotropic locus exists.

Because the obesity-prone B6 mouse has markedly lower
leptin levels compared with the obesity-resistant A/J mouse
after 1 month of high-fat feeding (38,41), our mapping of a
chromosome 6 locus controlling body-weight gain near the
leptin and NPY loci was of potential interest. Second, the
human syntenic region on 7q was identified in two large
genome-wide scans for BMI, namely the National Heart,
Lung, and Blood Institute Family Heart Study (7932.3; Lod
score, 4.9) (69) and in the HyperGEN black cohort (7g22.3;
Lod score, 2.36) of the National Heart, Lung, and Blood
Ingtitute Blood Pressure Program (70). Because these
weight-gain QTL overlap QTL for obesity-related traits,
perhaps some forms of obesity result from the same loci
regulating normal weight gain. In addition, effects of rela-
tively rare mutations in humans have supported leptin’s key
role in body weight (10,71). Therefore, leptin and NPY were
prioritized as plausible candidate genes. The lack of poly-
morphic sequences in the 5 promoter sequence and coding
determining sequences of leptin, however, excludes these
regions of DNA. Similarly, the NPY coding sequence dem-
onstrated no polymorphisms. We cannot rule out polymor-
phisms in surrounding transcriptional regulatory elements.
Of note, transcriptional regulatory elements have been
found at a distance of over 270 kilobase pairs from the
promoter (72). The finding of mutations in the S11, L23A,
and L 18 ribosomal protein genes is intriguing. In Drosoph-
ila, mutations in ribosomal proteins cause the haplo-insuf-
ficient Minute phenotype with reduced growth and reduced
body size (73). However, in mice and human genomes,
these ribosomal genes are present in multiple redundant
copies. Nevertheless, whether the reduction in quantity of
these ribosomal proteins may contribute to body-weight
traits is a testable hypothesis.

Some limitations of this study should be noted. First, the
QTL mapped have relatively small effect sizes. Second,
because prior genetic studies have demonstrated that ab-

dominal-fat and muscle weights are highly correlated (r >
0.61) with body weight, body weight alone was used as the
dependent measure. Limited power and small QTL effect
sizes resulted from the selection of parental strains with
modest differences in body weight, sex effects, and limita-
tions in sample size. Although this strain combination pro-
vides the benefits of well-defined differences in obesity-
related traits and rich genomic resources for gene discovery,
these crosses offer limited power for QTL detection of
weight with lower fat diets. Third, this study was performed
over several years at two different physical locations (NIH
for the F2 and UTSW for the N2). Hence, although housing
density, breeding, and investigators procedures were iden-
tical, the F2 and N2 populations were reared with subtle
environmental differences and different commercial sources
of their low-fat 6% diets. Fourth, although we were attentive
to handling mice gently, we cannot formally rule out the
unlikely possibility of a genotype-by-“stress’ (behavioral
testing) interaction, leading to some minimal differencesin
body weight at wgtl0 and at 2-week weight gain. In the
parental strains and the F1 hybrids, no such genotype-by-
stress interaction has been detected for body weight (data
not shown). Fifth, the general problem of adjusting for
differences in initial, baseline values is termed Lord's par-
adox. Given initial differences in baseline weight, there is
no consensus on a method for correcting the weight-gain
trait values over 2 weeks. We have selected a simple dif-
ference score to measure weight gain over a 2-week period,
whereas others might prefer alternative approaches [re-
viewed in Ref. (74)]. Finaly, we have not experimentally
verified the sequence polymorphisms found in the Celera
database.

Given that mice eat approximately 15% to 20% of their
weight daily, differences between mouse and human regu-
lation of energy expenditure might be anticipated. In con-
trast to humans, spontaneous exploratory behavior in mice
seems to explain only a very modest percentage of body-
weight and weight-gain variance. Hence, this fact may
partially explain the apparent paradox of the strain differ-
ence in response to a high-fat diet, whereby the less active
A/J strain is obesity-resistant and the high-activity B strain
is obesity-prone. As expected, increased exploratory behav-
ior does indeed decrease body weight with most QTL in the
F2 cross derived from the B strain that decreases body
weight. However, consistent with the literature suggesting
“many small effects,” theseloci each explain only 1% to 3%
of the phenotypic variance. The QTL for normal weight
mapped in this study overlap QTL for obesity-related traits
(75), suggesting that predisposing loci for normal weight
gain may also lead to obesity. The differential regulation
between B6 and A/J mice of leptin and UCP1 gene expres-
sion, leptin sensitivity, adrenergic responsivity, and thermo-
genic activity warrants future exploration (40,41,76). In
response to acute stress and its attendant sympathetic acti-
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vation, A/J mice have a small temperature elevation com-
pared with the B6 (34,35). Yet, after 2 weeks of a high-fat
diet, the A/J mice develop a higher core body temperature
compared with the B6 (38). This discrepancy in thermo-
genic regulation hints at differences in post-receptor signal-
ing, which suggests the need for further searches for pleio-
tropic molecules, such as regulator of G-signaling proteins,
adipokines, transcription factors, and neuropeptide process-
ing enzymes. Finally, defining the precise molecules under-
lying these QTL and improving our understanding of the
early development of diet-induced obesity in the A/Jvs. B6
strains may lead to a greater mechanistic understanding of
the biological determinants of weight regulation.
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Appendix 1. Phenotypic means of the Male A/J vs. C57BL/6J lines

Trait A/J mean (SD) B6 mean (SD) Reference
Ambulation in O-F (cm) 471 (215) 1402 (348) (42)
Vertical rearings 19.3(14.6) 93.0 (16.7) (42)
AvgCtrT (sec) 45(5.9) 29.4 (9.6) (43)
L-D transitions 10.1 (9.0) 50.0(9.8) (43)
Tail suspension-induced hyperthermia (°C) 0.6 1.8 (34
Daily average food intake adjusted for 30 g of body weight (g) 541 4.83 (77)
Caloric intake adjusted for 30 g of body weight (kcal/g) 7.91 9.82 (78)
Daily heat (kcal/kg/h) (females only) 0.404 0.399 (78)
Respiratory exchange ratio (Vco,:Vo,), daily (females only) 0.662 0.750 (78)
Mean metabolic rate (ccO,/g/hr) in 120 day old mice 4.08 (0.76) 4.55 (0.468) (79
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